Recent advances in the isolation and stacking of monolayers of van der Waals materials have provided approaches for the preparation of quantum materials in the ultimate two-dimensional limit 1,2 . In van der Waals heterostructures formed by stacking two monolayer semiconductors, lattice mismatch or rotational misalignment introduces an in-plane moiré superlattice 3 . It is widely recognized that the moiré superlattice can modulate the electronic band structure of the material and lead to transport properties such as unconventional superconductivity 4 and insulating behaviour driven by correlations 5-7 ; however, the influence of the moiré superlattice on optical properties has not been investigated experimentally. Here we report the observation of multiple interlayer exciton resonances with either positive or negative circularly polarized emission in a molybdenum diselenide/tungsten diselenide (MoSe 2 /WSe 2 ) heterobilayer with a small twist angle. We attribute these resonances to excitonic ground and excited states confined within the moiré potential. This interpretation is supported by recombination dynamics and by the dependence of these interlayer exciton resonances on twist angle and temperature. These results suggest the feasibility of engineering artificial excitonic crystals using van der Waals heterostructures for nanophotonics and quantum information applications.
resonances are expected to form owing to the lateral confinement from the moiré potential [16] [17] [18] (Fig. 1) . The interlayer coupling determines the depth of the moiré potential that, in TMD heterobilayers, is predicted to be approximately 100-200 meV from first-principles calculations (see Methods and Extended Data Fig. 1 ); this has been confirmed by scanning tunnelling spectroscopy experiments on a rotationally aligned MoS 2 /WSe 2 bilayer grown by chemical vapour deposition 3 . Such a deep potential is expected to localize interlayer excitons provided that the moiré supercell has a period of the order of 10 nm or larger 16, 18 . Whether and how the moiré potential manifests in far-field diffraction-limited optical measurements remains an unanswered question.
Here we report the observation of multiple interlayer exciton resonances in a high-quality hexagonal boron nitride (hBN)-encapsulated MoSe 2 /WSe 2 heterobilayer. The layers are aligned with a small twist angle and the inhomogeneous spectral linewidths are reduced in the presence of the hBN capping layers, resulting in several nearly equally spaced interlayer exciton resonances being spectrally resolved at low temperature. Upon excitation with σ + circularly polarized light, the interlayer exciton resonances exhibit alternating co-and cross-circularly polarized photoluminescence. We suggest that the alternating polarized emission originates from the atomic-scale spatial variations of the optical selection rules within a moiré supercell. The energy spacing, the twist-angle dependence of the resonances and the helicity of the emitted light are consistent with calculations of multiple interlayer exciton states that are laterally confined within a moiré potential of approximately 150 meV, in agreement with first-principles calculations. Time-resolved and temperature-dependent photoluminescence measurements support this assignment of the ground-and excited-state interlayer excitons.
We first describe conceptually how the moiré potential may give rise to multiple exciton resonances with different optical selection rules ( Fig. 1 ). In MoSe 2 /WSe 2 heterobilayers with a small twist angle (approximately 1°), the exciton Bohr radius is large compared to the monolayer lattice constant but small relative to the moiré period (about 20 nm). Thus, the interlayer exciton can be described as a particle moving in a slowly varying moiré potential 18, 19 . Within a moiré supercell, there are three points at which the local atomic registration preserves the threefold rotational symmetry Ĉ 3 , as shown in Fig. 1a , b. These three sites are denoted by R h h , R h X and R h M , where μ R h refers to R-type stacking in which the μ site of the MoSe 2 layer aligns with the hexagon centre (h) of the WSe 2 layer. These high-symmetry points are local energy extrema within the moiré supercell in which excitons can be localized. In the case of sufficiently deep energy modulation, the moiré pattern can provide an array of identical quantum-dot potentials (Fig. 1c ).
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Another important effect of the moiré pattern is to impose spatially varying optical selection rules 18, 20 . Although the valley degree of freedom is still a good quantum number for interlayer excitons, the optical selection rules of exciton resonances are no longer locked to the valley index, as is the case in monolayers. As shown in Fig. 1b , an exciton residing directly at site R h h (R ) h X couples only to σ + (σ − ) polarized light. The dipole of site R h M is oriented perpendicular to the plane and does not couple efficiently to normal incident light (see Methods). The optical selection rules are determined not only by atomic quantum numbers, but also by the relative position between tungsten and molybdenum atoms in real space. It is the latter dependence that is responsible for distinct selection rules at different positions within the moiré supercell. The optical selection rules change continuously in the moiré pattern and are generally elliptically polarized ( Fig. 1c) .
To examine the influence of the moiré potential on interlayer excitons, we performed micro-photoluminescence measurements on multiple MoSe 2 /WSe 2 heterobilayers. The samples were prepared following a mechanical exfoliation and transfer process 21 . We focus on one hBN-encapsulated heterobilayer with a twist angle of 1° unless otherwise stated (see Methods and Extended Data Fig. 2 ). Figure 2a shows an optical microscopy image of this heterobilayer. The sample was held at 15 K and excited with a continuous-wave 660-nm laser with a full-width at half-maximum spot size of 1.5 μm. The photoluminescence spectrum of a non-encapsulated sample (dashed curve in Fig. 2b ) features intralayer neutral and charged excitons and a broad interlayer exciton resonance, consistent with earlier reports 14, 22, 23 . When the heterobilayer is encapsulated between hBN layers, four spectrally resolved interlayer exciton resonances emerge (solid curve in Fig. 2b ) owing to reduced inhomogeneous broadening. The spectral region of the interlayer exciton is replotted in the lower panel of Letter reSeArCH ( Fig. 3b ). Some moderate inhomogeneous broadening remains, possibly due to multiple moiré domains or small variations in strain and layer spacing within the excitation spot, which covers around 1,000 moiré supercells.
Multiple interlayer exciton peaks may be indicative of quantized energy levels arising from the lateral confinement imposed by the moiré potential, as predicted in the calculations below. The fact that the resonances span an energy range of about 70 meV suggests that the moiré potential depth is of the order of 100 meV-sufficient to justify the picture of an array of quantum-dot potentials. Polarization-resolved photoluminescence experiments provide additional compelling evidence in support of this interpretation. By using σ + polarized excitation, we collected co-(σ + detection) and cross-(σ − detection) circularly polarized photoluminescence spectra, which are shown in Fig. 3c . We define the circular polarization of emission as = where I is the measured photoluminescence intensity. The plot of P c as a function of energy is shown in Fig. 3d . The values of P c for the interlayer exciton resonances vary between 0.2 and −0.2. A negative P c indicates that the photoluminescence signal with cross-circular polarization is stronger than that from the co-circular polarization. We propose that the alternating co-and cross-circular emission arises from the unique spatial variation of the optical selection rules predicted on the basis of rotational symmetry considerations 18 .
To relate the observed photoluminescence signal to the optical selection rules, we first assume that the above-gap, σ + -polarized light optically creates spin-polarized intralayer excitons in the MoSe 2 and WSe 2 monolayers primarily in the K valley. This spin-valley locking in TMD monolayers has been established by previous studies [24] [25] [26] . Second, we assume that the charge-transfer process that leads to the formation of interlayer excitons conserves the valley and spin indices, an assumption that is supported by data from polarization-resolved pump-probe spectroscopy in a previous study 27 . It then follows that an interlayer exciton state generated in the K valley after σ + optical excitation emits σ + (σ − ) polarized light if it is localized near the R h h (R ) h X high-symmetry point within the moiré potential landscape (Fig. 1b, c) . The calculations below show that, for a deep moiré potential that confines excitons at the R h h site, the wavefunctions associated with the quantized exciton states can acquire additional angular momentum and sample the potential landscape in a way that leads to multiple resonances with alternating σ + and σ − light emission-a characteristic consistent with our experimental observations. Because the valley-relaxation and charge-transfer dynamics can be very complex, the above assumptions do not strictly hold, leading to reduced P c below unity. Because observing the alternating circular selection rules of interlayer exciton resonances requires that the valley polarization time is longer than or comparable to interlayer exciton recombination lifetimes 25 , valley-conserving photoluminescence can only be observed in bilayers with the smallest (1°) twist angle, which exhibit relatively short interlayer exciton recombination lifetimes (around 1 ns).
Theoretically, multiple quantized resonances originating from the ground-and excited-state interlayer excitons can exhibit alternating selection rules owing to the moiré superlattice. The Bohr radius of an interlayer exciton (around 1 nm) is substantially smaller than the moiré period, enabling the interlayer exciton to be treated as a composite quasiparticle with a wavepacket moving in the potential. Its centreof-mass motion is described by
where Ω ħ 0 is an energy constant, ħ 2 k 2 /(2M) is the centre-of-mass kinetic energy, ∆(r) is the exciton moiré potential energy and M is the exciton mass. Because ∆(r) varies smoothly, it can be approximated by the lowest-order harmonic expansion and is then specified completely by one strength and one shape parameter. On the basis of the experiments, we adjust the shape parameter to place the minima of ∆(r) at these sites. Near R h h sites, ∆(r) has the form of a harmonic oscillator with quantized energy levels controlled by the moiré period a M . We take the twist angle to be 1°, resulting in a value of a M of around 19 nm.
Both +K and −K valley excitons are governed by the Hamiltonian in equation (1) More than one interlayer exciton resonance can be accommodated in a deep moiré potential, as illustrated in Fig. 4a . On the basis of equation (1), we calculate the theoretical optical conductivity of +K valley interlayer excitons, as shown in Fig. 4b . Four resonances with alternating optical selection rules appear within the energy range of the potential. The corresponding exciton centre-of-mass wavefunction can be understood as Bloch wave states composed of Wannier functions confined to the potential minimum position (R h h sites). In Fig. 4c -e, we illustrate the centre-of-mass wavefunctions of the first three resonances. Resonance 1 has s-wave symmetry centred at the R h h site, and its optical The average peak spacing increases from 22 ± 2 meV to 27 ± 3 meV as the twist angle increases from 1° to 2°. c, Circularly polarized photoluminescence spectrum for σ + excitation of the 1° sample. d, The degree of circular polarization plotted against the emission wavelength obtained from the spectra in c.
matrix element has only σ + components. The wavefunction of resonance 2 is also centred at the R h h site, but it has a chiral p-waveform with an additional angular momentum. Owing to this difference between the wavefunctions of resonances 1 and 2, their optical selection rules have opposite helicity. The behaviour of resonances 3 and 4-which have d-and f-waveforms, respectively-can be understood in a similar way. As expected, our model calculation cannot reproduce all of the features observed experimentally, such as the linewidths and relative intensity between the interlayer exciton resonances. For example, the photoluminescence intensity of the excited states is higher than that of the ground state, a feature that may originate from disorder and has been previously observed in an ensemble of self-assembled quantum dots 28 . The assignment of the observed interlayer exciton peaks as ground and excited states localized near the moiré potential minimum is consistent with the measured thermal behaviour and recombination dynamics (Methods, Extended Data Fig. 4) .
A natural choice for the control of moiré excitons would be to tune the moiré period through the twist angle. Indeed, in another heterobilayer with a small twist angle of approximately 2°, we observed multiple interlayer exciton resonances spaced by 27 ± 3 meV; as expected, this is larger than the spacing for the 1° sample ( Fig. 3, Extended Data Fig. 5 ). Although systematic studies of the twist-angle dependence of interlayer excitons in TMD heterobilayers have been performed for large steps (around 5°) 29, 30 , the broad inhomogeneous linewidth has precluded observation of the effect of the moiré potential. An applied electric field or magnetic field may also enable tuning of the properties of interlayer excitons. Previous experiments have reported that interlayer excitons exhibit a Stark shift as a function of an applied electric field 31 or a Zeeman splitting as function of an applied magnetic field 23, 31 . Other recent experiments have also reported multiple interlayer exciton resonances. However, these experiments were performed on samples either with different stacking conditions 31, 32 (see Methods and Extended Data Fig. 6 ) or with considerably broader interlayer exciton inhomogeneous linewidths that mask any effects of the moiré potential 29, 30 . We also discuss the possible contribution from S z = 1 transitions (Methods), which are optically dark in monolayers but become bright in heterobilayers.
In summary, we observed multiple interlayer exciton resonances in a hBN-encapsulated MoSe 2 /WSe 2 heterobilayer. We explain the key spectroscopic features observed in our experiments-four interlayer exciton resonances with alternating circularly polarized photoluminescence, systematic changes in the lifetime with energy, and temperature dependence-by assuming the presence of a moiré superlattice, the existence of which is expected in a stacked heterobilayer. In multiple samples with slightly different twist angles, we observed systematic changes in the energy spacing and lifetime of the interlayer excitons, which is consistent with the effect of the moiré potential. Multiple interlayer exciton resonances originating from phonon replicas 33 , momentum-space indirect transitions 32 , or S z = 1states are possible in TMD bilayers; however, we consider them less likely explanations in the samples investigated here. Experiments capable of resolving individual interlayer excitons confined within a supercell, using either near-field optical probe or combined scanning tunnelling spectroscopy and optical spectroscopy studies, will be valuable to further establish the influence of the moiré potential.
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